PF-00868554 is a nonnucleoside inhibitor of the hepatitis C virus (HCV) RNA polymerase, which exerts its inhibitory effect by binding to the thumb base domain of the protein. It is a potent and selective inhibitor, with a mean 50% inhibitory concentration of 0.019 M against genotype 1 polymerases and a mean 50% effective concentration (EC 50 ) of 0.075 M against the genotype 1b-Con1 replicon. To determine the in vitro antiviral activity of PF-00868554 against various HCV strains, a panel of chimeric replicons was generated, in which polymerase sequences derived from genotype 1a and 1b clinical isolates were cloned into the 1b-Con1 subgenomic reporter replicon. Our results indicate that PF-00868554 has potent in vitro antiviral activity against a majority (95.8%) of genotype 1a and 1b replicons, with an overall mean EC 50 of 0.059 M. PF-00868554 showed no cytotoxic effect in several human cell lines, up to the highest concentration evaluated (320 M). Furthermore, the antiviral activity of PF-00868554 was retained in the presence of human serum proteins. An in vitro resistance study of PF-00868554 identified M423T as the predominant resistance mutation, resulting in a 761-fold reduction in susceptibility to PF-00868554 but no change in susceptibility to alpha interferon and a polymerase inhibitor that binds to a different region. PF-00868554 also showed good pharmacokinetic properties in preclinical animal species. Our results demonstrate that PF-00868554 has potent and broadspectrum antiviral activity against genotype 1 HCV strains, supporting its use as an oral antiviral agent in HCV-infected patients.
The CDC estimates that 4.5 million individuals in the United States and more than 170 million worldwide are infected with the hepatitis C virus (HCV), with about 25,000 new infections occurring each year. Approximately 80% of hepatitis C patients become persistently infected, among which 10% to 20% develop progressive liver disease during their lifetime, including cirrhosis, hepatocellular carcinoma, and liver failure, thus making hepatitis C the leading indication for liver transplantation (38, 44) . HCV was primarily transmitted via a contaminated blood supply before the discovery of HCV in 1989 and the development of sensitive detection methods in 1992. Since then, intravenous drug use has become the major route of HCV transmission and the incidence of HCV infection has decreased rapidly. However, the large number of patients infected before 1992 are now in the later stages of the disease, in which treatment becomes necessary to prevent liver damage, transplantation, or death.
The current standard of care for HCV is pegylated alpha interferon (IFN-␣) in combination with ribavirin. The success rate of this therapy with genotype 1 infection, which is the most prevalent in the United States and worldwide, is only about 40% to 50% (9, 11, 32) . In addition, IFN-␣ therapy is associated with significant side effects, including fatigue, headache, myalgia, fever, nausea, and insomnia in Ͼ30% of patients (9, 11, 32) . Ribavirin also causes hemolytic anemia in 10% to 20% of patients (28, 40) . Due to the tolerability and safety concerns of current therapies, as well as the slow progression and uncertain course of this disease, physicians generally withhold treatment from patients until symptoms manifest or liver function begins to be impaired. Currently, fewer than 10% of chronically infected patients in the United States are receiving HCV treatment. Thus, there remains a significant unmet need for more effective, more tolerable, and safer HCV therapies.
The HCV genome is a single-stranded, positive-sense RNA of approximately 9.6 kb (7). The genomic RNA encodes a polyprotein that is processed by host and viral proteases into at least 10 structural and nonstructural (NS) proteins (10, 14, 15) . Most of the HCV NS proteins are required for viral RNA replication (1) . The NS5B protein, encoding the viral RNAdependent RNA polymerase (RdRp), is an essential component of the HCV RNA replication complex (20) . Due to its apparent sequence and structural differences from human DNA and RNA polymerases, the HCV RNA polymerase is considered an attractive target for antiviral drug discovery. In addition to nucleoside analogs (4) and pyrophosphate mimics (41) that target the active site, a number of structurally diverse nonnucleoside polymerase inhibitors have been reported (19) . They were shown to interact with at least four distinct allosteric sites by a combination of crystallographic analysis and in vitro resistance studies (18, 19) .
We have reported the discovery, using high-throughput screening and structure-based drug design, of a novel and potent class of nonnucleoside HCV polymerase inhibitors characterized by a dihydropyrone core (23, 24) . These molecules bind within the thumb base portion of the polymerase (pocket II) (2) and are noncompetitive inhibitors with respect to nucleotide. In this report, we characterize the preclinical activity and pharmacokinetic profile of PF-00868554 (25) , a molecule that retains optimal biochemical potency and selectivity and yet has improved pharmacokinetic and physicochemical properties compared to its predecessors (23, 24) . In a phase I clinical trial with genotype 1 HCV-infected, treatmentnaïve subjects, PF-00868554 potently inhibited viral replication, with mean maximum reductions in HCV RNA ranging from 0.97 to 2.13 logs (12) . It is currently in phase II clinical trials. The antiviral activity of PF-00868554 against different HCV genotype 1 strains was determined by generating chimeric replicons containing polymerase sequences derived from a panel of genotype 1 clinical isolates in the genotype 1b (Con1 strain) backbone. The pharmacokinetic properties of the molecule were profiled, revealing promising oral bioavailability in rodent and nonrodent species. In addition, an in vitro resistance study was carried out to identify the resistance changes associated with exposure to PF-00868554.
MATERIALS AND METHODS
Compounds. PF-00868554 (25) was synthesized at Pfizer Global Research and Development (La Jolla, CA) (Fig. 1) . The benzimidazole compound C (21) and benzothiadiazine SB-750330 (5) were prepared according to published protocols (Fig. 1) . IFN-␣ was purchased from Sigma Aldrich (St. Louis, MO). Individual compounds, except IFN-␣, were dissolved in dimethyl sulfoxide (DMSO) to a concentration of 10 mM or 100 mM and diluted to appropriate concentrations in buffer or growth medium. IFN-␣ was dissolved in phosphate-buffered saline to a stock concentration of 10 5 IU/ml and diluted to appropriate concentrations in growth medium.
Reagents, enzymes, cells, and plasmids. Recombinant constructs of HCV NS5B polymerase 1a H77, 1b BK, 1b Con1, 1b Con1 M423T, 2b, and 4a enzymes each bore a 21-amino-acid C-terminal deletion of the membrane insertion fragment (⌬21) and a C-terminal six-His tag and were expressed in Escherichia coli and purified as previously described (29) . Recombinant His-tagged NS5B polymerase genotypes (⌬21) 1b J1 and (⌬21) 3a were expressed in insect cells using a baculovirus expression system and were similarly purified. Human DNA polymerase alpha and delta were cloned, expressed, and purified according to published procedures (8, 36, 42) . Human DNA polymerase gamma was purchased from Replizyme Ltd. (Heslington, York, United Kingdom). Recombinant human immunodeficiency virus (HIV) reverse transcriptase and HIV Q7K protease were purified from E. coli, as described previously (3, 16) . Huh7 and Huh7.5 cells, obtained from Apath LLC (St. Louis, MO), were propagated in Dulbecco's modified Eagle medium (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (FBS; HyClone, Logan, UT), 0.1 mM nonessential amino acid (Invitrogen), 100 units/ml of penicillin (Invitrogen), and 100 g/ml of streptomycin sulfate (Invitrogen). HEK-293, HeLa, and HepG2 cells were propagated in Dulbecco's modified Eagle medium containing 10% FBS, 100 IU/ml of penicillin, and 100 mg/ml of streptomycin sulfate.
The dicistronic selectable replicon BB7, containing the HCV genes NS3 to NS5B derived from the Con1 strain of genotype 1b, was licensed from Apath LLC. The construction of the HCV subgenomic reporter replicon, BB7M4hRLuc, and the generation of the stable cell lines, dicistronic single reporter (DSR) and dicistronic dual reporter (DDR), were described previously (13, 39) . DSR is a stable cell line that harbors the BB7M4hRLuc reporter replicon, whereas DDR also contains the CMV-firefly luciferase (FLuc), allowing for simultaneous monitoring of cytotoxicity. The monocistronic selectable replicon RB10, containing the same HCV sequences under the control of the HCV internal ribosome entry site, was licensed from ReBLikon GmbH (Mainz, Germany Separate experiments demonstrated that product formation was linear with respect to time, and substrate conversion was Ͻ Ͻ10%, conforming to initial rate kinetics under these assay conditions. Reactions were stopped by addition of 59 mM EDTA, and the nucleotide product was detected by phosphorimaging after filtration onto Biodyne B nylon 6,6 membranes (Thermo Fisher Scientific, Rochester, NY). Noncompetitive, tight-binding 50% inhibitory concentration (IC 50 ) constants were measured by the fitting of the dose-response data to the following equation (51): 32 P]GTP, and 5 l/well nuclear extract. RNA polymerase I activity was assessed in the presence of 230 g/ml ␣-amanitin, RNA polymerase (I plus II) activity was assessed in the presence of 0.77 g/ml ␣-amanitin, and RNA polymerase III activity was assessed differentially in the absence of ␣-amanitin. The HIV protease Q7K was assayed according to published methods (3) .
Generation of patient-derived NS5B chimeric replicons. To eliminate the necessity of ScaI-mediated linearization prior to in vitro transcription and to allow transcript production from patient sequences containing ScaI sites, an 84-nucleotide hepatitis delta virus ribozyme sequence was introduced into BB7M4hRLuc immediately downstream of the HCV sequence so that the replicon RNA transcript with an exact 3Ј terminus of the 3Ј untranscribed region (UTR) could be generated by self-cleavage. The incorporation of ribozyme was accomplished by two rounds of PCRs, as described previously (43), using Herculase DNA polymerase and PCR primer pairs Ribo1 and Ribo2 for the first and second rounds of PCR, respectively (see the supplemental material). Both rounds of amplification were carried out for 35 cycles consisting of 95°C for 1 min, 55°C for 90 s, and 72°C for 90 s. The first-round PCR generated the fusion between a sequence from a unique NcoI site in NS5B and the end of the 3Ј UTR and the 5Ј-end sequence of the ribozyme. The resulting fragment was used as a template for the second-round PCR to fuse the entire ribozyme sequence to the HCV 3Ј UTR. The final product was cloned into BB7M4hRLuc at the unique NcoI and SpeI sites to create BB7M4hRLuc.ribo. The SbfI and PacI restriction sites were introduced into BB7M4hRLuc.ribo in the NS5A region and 3Ј UTR, respectively, by site-directed mutagenesis using QuikChange mutagenesis (Stratagene, La Jolla, CA), according to the manufacturer's protocol, and PCR primer pairs SbfI and PacI (see the supplemental material). Amplification was carried out for 16 cycles of 94°C for 30 s, 55°C for 1 min, and 68°C for 26 min. All mutations were confirmed by sequencing.
Plasma samples from HCV-infected patients were obtained from Teragenix (Fort Lauderdale, FL) and Cliniqa (San Diego, CA). Samples with a viral load over 10 5 IU/ml were randomly selected for RNA isolation using Qiagen QIAamp viral RNA mini isolation kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Purified RNA was reverse transcribed using Thermo-X reverse transcriptase (Invitrogen) and a mixture of two poly(A) primers of 20 and 34 nucleotides in length, according to the manufacturer's protocol.
Amplification of the HCV NS5B gene was achieved by two rounds of PCR using AccuPrime high-fidelity Taq polymerase (Invitrogen). For both rounds, the PCRs were carried out for 40 cycles consisting of 94°C for 30 s and 68°C for 3 min. The first-round primers (1a1 and 1b1; see the supplemental material) amplified the full-length NS5B gene, while the second-round primers (1a2 and 1b2) incorporated the SbfI and PacI restriction sites at the 5Ј and 3Ј ends of the products, respectively, to allow for cloning. Amplified full-length NS5B products were cloned into the BB7M4hRLuc.ribo vector at the engineered SbfI and PacI sites to generate chimeric replicons containing patient NS5B sequences in the 1b Con1 backbone.
Luciferase reporter assay. The wild-type replicon cells, DSR or DDR, or resistant replicon cells were seeded at a density of 2 ϫ 10 4 cells per well in 96-well plates in the absence of selection antibiotics. In some experiments, medium was supplemented with 50% human serum (HS) or a combination of 45 mg/ml HS albumin (HSA) and 1 mg/ml ␣1-acid glycoprotein (AAG), all of which were obtained from Sigma. Compounds were tested at half-log serial dilutions over a range of concentrations with appropriate solvent controls (compound free). Cells were incubated with compounds for 3 days at 37°C. HCV RNA replication was monitored by humanized Renilla luciferase (hRLuc) reporter activity. In DDR cells, cytotoxicity was measured simultaneously by the FLuc reporter activity. For DSR, hRLuc activity was determined using the RLuc assay system (Promega, Pittsburgh, PA), according to the manufacturer's instructions, in a Perkin Elmer MicroBeta 1450 jet (Perkin Elmer, Wellesley, MA). For DDR, reporter activities were determined using the dual luciferase reporter kit (Promega) according to the manufacturer's instructions. The 50% effective concentration (EC 50 ) was calculated as the concentration of compound that effected a decrease in viral RNA replication (as measured by hRLuc activity or quantitative PCR) in compound-treated cells to 50% of that produced in compound-free cells. The 50% cytotoxicity concentration was calculated as the concentration of compound that decreased host cell viability (as measured by FLuc activity) in compound-treated cells to 50% of that produced in compound-free cells. The values were determined by nonlinear regression analyses.
The XTT cytotoxicity assay. Cells were seeded at a density of 2 ϫ 10 4 per well in 96-well plates. Compounds were tested at half-log serial dilutions over a range of concentrations with appropriate solvent controls (compound free). After incubation with compounds for 3 days, 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT; Sigma) and phenazine methosulfate (Sigma) were added to the cells at final concentrations of 200 g/ml and 1 mM, respectively. After an additional 4-h incubation at 37°C, the amount of formazan produced was quantified at a test reference of 450 nm and a reference wavelength of 650 nm in a spectrophotometer (Molecular Devices, Sunnyvale, CA).
In vitro resistance selection at fixed concentrations. DSR cells were seeded at densities of 5 ϫ 10 4 , 1 ϫ 10 5 , and 2.5 ϫ 10 5 in 10-cm plates in medium containing either 3ϫ, 6ϫ, or 12ϫ EC 90 (0.96, 1.9, or 3.8 M, respectively) of PF-00868554, with weekly changes of selection medium. As a positive control, DSR cells were cultured in the presence of 3ϫ EC 90 (15 M) of a benzimidazole polymerase inhibitor, compound C ( Fig. 1) (21) . As a negative control, DSR cells were cultured in medium without the presence of inhibitor. Colonies were isolated after 21 days of selection and expanded to cell lines in larger culture vessels. Ten individual resistant cell lines were randomly chosen for genotypic and phenotypic characterizations at each selection concentration for PF-00868554 and compound C. Construction of the M423T mutant replicon and enzyme was described previously (39) .
Population sequence analysis of the NS5B gene. Replicon RNA was extracted using the RNeasy mini kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Reverse transcription (RT)-PCR of the NS5B region was completed using primers 5Ј-AAGAATTCTTCACAGAAGTGGATGGG-3Ј and 5Ј-ATTGGCCTGGAGTGTTTAGGTCC-3Ј and SuperScript one-step RT-PCR with platinum Taq (Invitrogen) under the following conditions: 45°C for 30 min and 94°C for 2 min. PCR was performed for a total of 30 cycles in a GeneAmp 9700 PCR system (PE Applied Biosystems, Foster City, CA) under the following conditions: 94°C for 30 s, 60°C for 1.5 min, and 72°C for 3 min, followed by a single cycle of 10 min at 72°C. The amplified products were purified and subsequently subjected to population sequencing.
Transient replication assay. In vitro transcripts were generated from replicon constructs using the MEGAscript T7 kit (Ambion, Austin, TX) according to the manufacturer's protocol and stored at Ϫ80°C before use. Ten micrograms of replicon transcripts were electroporated into 8 ϫ 10 6 Huh7.5 cells in a 0.4-cm cuvette using a Bio-Rad Gene Pulser II electroporator (Bio-Rad, Hercules, CA) at 220 V and 950 F. Electroporated cells were resuspended in growth medium, plated on 96-well black plates with clear bottoms at 6 ϫ 10 4 cells per well, and allowed to adhere for 4 h at 37°C. Compounds were tested at half-log serial dilutions over a range of concentrations, with appropriate DMSO controls (compound free). After incubation for 3 days at 37°C, hRLuc activity was determined using the RLuc assay system, according to the manufacturer's protocol, in the Perkin Elmer MicroBeta 1450 jet.
Pharmacokinetic assessment with rats, dogs, and monkeys. Male SpragueDawley rats were housed in individual cages with food and water provided ad libitum. For the intravenous (i.v.) study, a single i.v. dose of 2 mg/kg PF-00868554 in a solution of 50% polyethylene glycol (PEG) 200, 10% ethanol, and 40% water at a dosing volume of 2 ml/kg was prepared. Oral evaluation with solution for PF-00868554 was at 2 mg/kg in a solution of 50% PEG 200, 10% ethanol, and 40% water at a dosing volume of 2 ml/kg. Oral dosing of PF-00868554 was also prepared using a 0.5% methylcellulose suspension at a dosing volume of 2 ml/kg. Both the solution and suspension oral gavage doses were followed by a 10-ml tap water flush of the gavage tube. Blood samples (ϳ0.25 ml) were collected from the jugular vein of each rat for determination of PF-00868554 plasma concentrations. Blood samples for the i.v. arm of these studies were collected at predose; 2, 5, 10, 15, and 30 min; and 1, 2, 4, 6, 8, and 24 h postdose. For the oral arm of these studies, blood samples were collected at 10, 20, and 30 min and at 1, 2, 3, 4, 6, 8, and 24 h postdose.
Male beagle dogs were housed in individual cages with water provided ad libitum. The dogs were fasted overnight prior to dosing and during the first 4 h of blood sampling. In the i.v. arm of the study, three dogs received an i.v. dose of 1 mg/kg PF-00868554 in a solution of 50% PEG 200, 10% ethanol, and 40% water at a dosing volume of 0.5 ml/kg. For the oral arm of the study, three dogs received a single oral dose of 2 mg/kg PF-00868554 in a solution of 50% PEG 200, 10% ethanol, and 40% water and two dogs received a single oral dose of PF-00868554 in a 0.5% methylcellulose suspension, both at a dosing volume of 1 ml/kg. The oral gavage doses were followed by a 10-ml tap water flush of the For all studies, each blood sample was placed in a tube containing heparin and centrifuged to obtain plasma. The plasma was frozen immediately and stored at Ϫ80°C until samples were analyzed by liquid chromatography-tandem mass spectrometry.
Pharmacokinetic parameters were estimated using the noncompartmental analysis by WinNonlin 3.1 software (Pharsight, Mountain View, CA). Graphing was accomplished by Microsoft Excel 5.0. Estimated parameters reported here include the values of the area under the curve from time zero to infinity (AUC 0-ϱ ), the maximum mean plasma concentration (C max ), the time-to-maximum-plasma concentration (T max ), terminal half-life (t 1/2 ), clearance (CL), and volume of distribution at steady state (V ss ). Oral bioavailability (F oral ) was calculated using the following equation:
where p.o. indicates orally.
RESULTS

Biochemical potency and selectivity of PF-00868554 in vitro.
Previous data showed that members of the dihydropyrone class of inhibitors are potent, noncompetitive inhibitors of HCV polymerase 1b, binding approximately 30 Å from the active site at the region between the thumb and finger domains of the enzyme. Optimization of this class of compounds using combinatorial efforts and structure-based design has led to the discovery of PF-00868554 (25) (Fig. 1) . The IC 50 s against polymerases of the 1b Con1 and BK strains were 0.015 Ϯ 0.010 and 0.0066 Ϯ 0.0018 M, respectively (Table 1) . Inhibitory potency was clearly the greatest against the genotype 1 polymerases tested, with IC 50 s in the nanomolar range, whereas the IC 50 s were approximately 1 M against non-genotype 1 HCV polymerases. PF-00868554 displayed at least 1,600-to 7,500-fold selectivity for the genotype 1 viral polymerases, compared to the human DNA and RNA polymerases assayed (Table 1) .
Because an early predecessor of the dihydropyrone series originated from an HIV protease inhibitor program (29) , the inhibitory potency of PF-00868554 was tested against a recombinant HIV protease and several human proteases of physiological relevance. While the molecule remains a weak inhibitor of HIV protease, with an IC 50 of 2.18 M, it displayed no significant inhibition of a wide variety of human aspartyl and serine proteases, including plasma thrombin, neutrophil elastase, liver cathepsin B, human caspase-2, and pancreatic chymotrypsin, at a concentration of 10 M (data not shown).
In vitro antiviral activity and cytotoxicity of PF-00868554. The ability of PF-00868554 to inhibit HCV RNA replication was evaluated against subgenomic replicons derived from the 1b Con1 and 1a H77 strains in replicon assays using the luciferase reporter end point. PF-00868554 demonstrated strong antiviral activity against the 1b Con1 replicon, with a mean EC 50 of 0.075 M, and reduced activity against the 1a H77 replicon, with a mean EC 50 of 0.39 M ( Table 2 ). The cytotoxicity of PF-00868554 was determined by the XTT assay with various human cell lines, including Huh7, HepG2, HeLa, and HEK293 cells, after 3 days of incubation. PF-00868554 demonstrated little or no cytopathic effects in multiple cell lines, up to the highest concentration of compound evaluated, with 50% cytotoxicity concentration values of Ͼ320 M.
In vitro antiviral activity of PF-00868554 against chimeric replicons containing NS5B sequences from clinical isolates. To evaluate the activity of PF-00868554 against different HCV strains within genotype 1, chimeric replicons containing polymerase sequences derived from a panel of genotype 1 clinical isolates in the genotype 1b Con1 backbone were generated. The replication fitness of these chimeric replicons was first determined in the transient replication assay with Huh7.5 cells by use of the luciferase reporter end point (Fig. 2) . Only the replicons that displayed luciferase activities of at least 2 ϫ 10 3 relative light units (RLU) (about 20 times above the background) were included in the subsequent antiviral assays so that the EC 50 s could be accurately determined. PF-00868554 demonstrated potent in vitro antiviral activity against HCV replicons containing polymerase sequences from 23 out of 24 (95.8%) strains of genotype 1a and 1b, with a mean EC 50 of 0.043 Ϯ 0.022 M and a range of 0.0088 to 0.087 M ( Table 2 ). The mean antiviral activity against 11 of 11 1b strains (EC 50 ϭ 0.033 Ϯ 0.023 M) was comparable to that demonstrated against 12 of 13 1a strains (EC 50 ϭ 0.052 Ϯ 0.017 M). PF-00868554 showed reduced activity against the H77 strain of genotype 1a, with a mean EC 50 of 0.39 Ϯ 0.42 M. Because PF-00868554 has similar activities against all genotype 1 polymerases tested, including Con1, BK, J1 and H77 (Table 1) , the molecular basis for the reduction in activity of PF-00868554 against the H77 replicon is not known. It is possible that other NS proteins in the replication complex may have an effect on the replicon's sensitivity to polymerase inhibitors. However, even with the inclusion of the H77 replicon, the overall mean and median EC 50 s of PF-00868554 against all genotype 1 replicons were 0.059 and 0.042 M, respectively, with a range of 0.0088 to 0.39 M. In contrast, a benzothiadiazine polymerase inhibitor ( Fig. 1 ) displayed EC 50 s varying from Ͻ0.001 to 2.1 M, corresponding to a larger than 2,000-fold difference in activity levels ( Table 2) . As expected, all of the chimeric replicons showed similar sensitivities to an NS3 protease inhibitor (data not shown). The in vitro antiviral activity of PF-00868554 was also evaluated against the genotype 2a JFH1 replicon and chimeric replicons, in which polymerase sequences from genotype 2b virus isolates were substituted for the corresponding sequence in the 1b replicon. PF-00868554 demonstrated antiviral activity against the replicons that contain non-genotype 1 polymerase sequences, with EC 50 s ranging from 11 to 17 M (data not shown). No apparent structural correlations between sensitivity to PF-00868554 and polymerase sequences were identified.
The effects of protein binding on the in vitro antiviral activity of PF-00868554. The effect of protein binding on the in vitro antiviral activity of PF-00868554 was evaluated in the luciferase reporter assay with DSR cells. Cell culture medium that contained 10% FBS was supplemented with either 50% HS or a combination of 1 mg/ml AAG and 45 mg/ml HSA in these experiments. In the presence of 50% HS, no statistically significant change in the antiviral activity of PF-00868554 was observed (3.5-fold change from 0.053 to 0.19 M, P Ն 0.05). In the presence of 45 mg/ml HSA and 1 mg/ml AAG, PF-00868554 demonstrated antiviral activity with a mean EC 50 of 0.69 M, which represented a 13-fold increase compared with that observed in medium containing 10% FBS alone (P Ͻ 0.05).
Phenotypic and genotypic determination of PF-00868554-resistant cell lines. The PF-00868554-resistant cell lines generated by exposing the DSR cell line to fixed concentrations of the inhibitor were subjected to replication fitness analysis using the luciferase reporter assay. The mutant replicons displayed luciferase activities ranging from 4.9 ϫ 10 4 to 1.15 ϫ 10 6 RLU, which were well above the background, to allow for accurate EC 50 determinations (Table 3 ). Phenotypic analysis of the 30 PF-00868554-resistant cell lines showed an 8.9-to Ͼ2,202-fold reduction in susceptibility to PF-00868554 compared to the wild-type cells (Table 3 ). After confirmation of resistance, replicon RNA was isolated from PF-00868554-resistant cell lines, amplified by RT-PCR, and subjected to population sequencing to determine the genotypic changes in the NS5B region of the replicon. The replicons in these cell lines were shown to harbor one to four mutations that resulted in amino acid changes in the polymerase (Table 3 ). Every resistant cell line contained at least one change at an amino acid that was shown to be part of the inhibitor-binding pocket, which includes M423, M426, and I482 (29) . The methionine-to-threonine change at residue 423 (M423T) in the NS5B region was identified as the most prevalent amino acid substitution, occurring alone in 14 of 30 cell lines (47%) and in combination with other mutations in 8 of 30 cell lines (27%) that were selected across different concentrations of PF-00868554 (Table 3) . Overall, M423T was observed at a frequency of 73% (22 of 30 cell lines), and changes at amino acid M423, including M423V and M423I, were observed in 87% (26 out of 30) of PF-00868554-resistant cell lines (Table  3 ). Changes at other amino acid residues, M426T and I482T, b Except where it is indicated, the NS3-to-NS5A sequence in the replicon is derived from 1b Con1.
c The NS3-to-NS5A sequence is derived from either 1a H77 or 1b Con1. d n ϭ 3.
existed at a much lower frequency ( Table 3 ). Substitution of proline by alanine or serine at residue 496 (P496A or P496S) and substitution of valine by alanine at residue 499 (V499A) were observed in cell lines resistant to a benzimidazole polymerase inhibitor, compound C (Fig. 1) , consistent with the in vitro resistance changes previously reported for this compound (21) . All of the amino acid substitutions found to be associated with resistance to PF-00868554, including M423T, M423I, M423V, M426T, and I482T, were also observed in the in vitro resistance study of a structurally related compound, AG-021541 (39). The 22 resistant cell lines that contain the M423T change alone or in combination with other amino acid changes demonstrated a 715-to Ͼ2,202-fold increase in the EC 50 when tested for their susceptibility to PF-00868554. Consistent with our previous findings, the M426T and I482T substitutions resulted in a lower level of resistance than the changes from M to T, V, or I at amino acid 423 of the polymerase (8.9-to 49-fold versus 706-to Ͼ2,202-fold), confirming that M423 is a key residue involved in the interaction between dihydropyrone compounds and the polymerase (Table 3 ). M426T and I482T were present only in replicon cell lines generated at lower concentrations of PF-00868554 (Table 3 ). Regardless of their replication fitness or level of resistance to PF-00868554, all of the resistant replicons remained sensitive to IFN-␣, with changes in the EC 50 ranging from 0.1 to 6. Furthermore, the resistance changes at the thumb base site did not significantly affect the activity of compound C (Fig. 1) , known to interact with a different allosteric site of the polymerase protein, with changes in the EC 50 ranging from 0.6 to 4.5.
The predominant resistance change, M423T, was introduced back into the wild-type (wt) replicon, from which a stable cell line was generated for the determination of its resistance phenotype. M423T conferred 761-fold resistance to PF-00868554, but no change in susceptibility to IFN-␣ or compound C was observed ( Table 4 ). The replication fitness of the M423T replicon was reduced to 1.8 ϫ 10 5 RLU, which was less than 50% of that of the wt replicon (5.2 ϫ 10 5 RLU), as indicated by the hRLuc reporter activity. However, the colony-forming efficiency of the M423T replicon was comparable to that of the wt replicon in the colony formation assay (data not shown), suggesting that the mutant replicon replicates at a lower level but is still sufficient to support colony formation. Similarly, the purified recombinant 1b Con1 polymerase enzyme that contained the M423T substitution also displayed 733-fold resis- a RNA was extracted from stable cell lines obtained at 3ϫ, 6ϫ, and 12ϫ the EC 90 s of PF-00868554 and subjected to RT-PCR amplification and population sequencing of the NS5B region. M423T in combination with one or more amino acid changes occurred at a frequency of 27% (n ϭ 8).
b Results represent the number of PF-00868554-resistant cell lines established at each concentration (M) that contain the observed resistance mutations. a The susceptibility of the 1b Con1 wt and M423T replicon cell line to inhibitors was evaluated in the reporter replicon assay. Cells were exposed to compounds for 3 days before RLuc activity was determined. The susceptibility of the 1b Con1 wt and M423T mutant polymerase to inhibitors was evaluated in the HCV polymerase biochemical assay as described in Materials and Methods. Results represent the means Ϯ standard deviations (three experiments) or individual values (one to two experiments of duplicates). FC, fold change; ND, not determined.
b The result was generated against the 1b BK polymerase. c The replicon EC 50 s for IFN-␣ are given as IU/ml.
tance to PF-00868554 but no change in susceptibility to compound C in the enzymatic assay in vitro (Table 4) . Pharmacokinetic properties of PF-00868554 in preclinical species. In both rats and monkeys, PF-0868554 exhibited moderate plasma CL and V (Table 5 ). In dogs, however, it exhibited both low plasma CL (4.4 Ϯ 1.1 ml/min/kg) and V (0.25 liter/kg). The t 1/2 of PF-00868554 in rats, monkeys, and dogs were between 2 and 4.4 h, but the calculated effective half-life (0.693 ϫ V/CL) was substantially shorter (0.5 h in both rats and monkeys and 3 h in dogs). The preclinical results suggest that PF-00868554 would be amenable for a twice-daily dosing regimen. PF-00868554 was rapidly absorbed after an oral dose in both species (with a T max of 0.94 Ϯ 0.9 h and 1 h for rats and dogs, respectively) with acceptable F (75% and 49% for rats and dogs, respectively) ( Table 5 ). In summary, the absorption of PF-00868554 in preclinical species was rapid, resulting in a high predicted human absorption rate constant (K a ) of 1.1 h Ϫ1 .
DISCUSSION
Current therapy for HCV is poorly tolerated and of limited efficacy, such that patients infected with the 1a and 1b genotypes have more severe liver disease and lower response rates to current IFN therapy (54) . In the United States, infection by the 1a and 1b genotypes is the most prevalent, whereas in Europe and Japan, the prevalence of infection by the 1b genotype significantly exceeds that of any other HCV genotypes (53) . Thus, there remains a significant unmet need for targeted, efficacious chemotherapy against HCV genotypes 1a and 1b.
We have demonstrated that PF-00868554 displays both potency and selectivity as a promising inhibitor of the 1a and 1b genotypes of HCV RNA-dependent RNA polymerase. With low nanomolar inhibitory potency against several recombinant genotype 1 NS5B constructs in vitro, the molecule displays no detectable inhibition of several human polymerases and no detectable inhibition of several human proteases, in spite of its weak inhibitory activity against recombinant HIV protease. This biochemical selectivity likely translates into cellular selectivity and a favorable therapeutic index, in that no detectable cytotoxicity was detected with several immortalized human cell lines at concentrations more than 5,400-fold greater than the potent activity against the genotype 1 HCV replicons.
One obstacle to developing effective HCV therapies is the heterogeneity of the viral genomes present in infections. The RNA-dependent RNA polymerase that synthesizes the viral genome lacks a proof-reading mechanism. The error rate of the polymerase is estimated at 10 Ϫ4 (35), which results in significant genetic diversity among the viral population within each patient. This heterogeneity has been associated with reductions in activity of HCV polymerase inhibitors up to 25-fold when tested in a chimeric replicon system containing NS5B sequences derived from genotype 1a and 1b patients (31, 48) . Therefore, an important part of preclinical development for HCV inhibitors is the assessment of the antiviral activity against a variety of clinical isolates. PF-00868554 demonstrated potent antiviral activity against polymerases derived from a majority (95.8%) of HCV strains, including primary clinical isolates and laboratory strains. The overall mean and median EC 50 s of PF-00868554 against all genotype 1 replicons were 0.059 and 0.042 M, respectively, with a range of 0.0088 to 0.39 M. The presence of 50% HS only modestly attenuated the antiviral activity of PF-00868554. These studies demonstrate that PF-00868554 has potent in vitro antiviral activity in the HCV replicon system against a variety of genotype 1 polymerases and support its potential use as an antiviral agent with patients infected with genotype 1 HCV.
The emergence of drug-resistance variants has been a major factor limiting the efficacy of virus-specific inhibitors against retroviruses and many other RNA viruses. In vitro resistance studies of various HCV inhibitors, including NS3 protease (26, 27, 30, 47, 52) and NS5B polymerase inhibitors (17, 21, 22, 33, 34, 45, 46, 50) , identified resistance mutations in the corresponding viral target regions, some of which have also been observed in subsequent clinical studies. A recent report indicated that resistance mutations observed in vitro were also developed in vivo after a 14-day monotherapy treatment with an NS3 protease inhibitor, VX-950, and correlated strongly with clinical outcome (37) . A nonnucleoside polymerase inhibitor from Viropharma, HCV-796, achieved a peak reduction in viral load of Ͼ1 log on day 4, but the reduction dropped to approximately 0.7 log on day 14 (6) as a result of the emergence of resistance (49) . These results highlight the importance of conducting in vitro resistance studies, which could provide important insights into resistance development in future clinical trials. Our in vitro resistance study of PF-00868554 in the HCV subgenomic replicon cells identified amino acid changes at the thumb base allosteric site of the polymerase, including M423T/ V/I, M426T, and I482T, all of which were observed in our previous study of a structurally related compound, AG-021541 (39) . Similar to our previous findings, amino acid substitutions at M423 resulted in a significantly higher level of resistance than those of substitutions at M426 and I482 (Table 3 ). More importantly, there was no cross-resistance of replicons containing these resistance changes to IFN-␣ and a number of other polymerase inhibitors (39) , supporting the use of PF-00868554 in combination therapies with other inhibitors targeting different regions of the polymerase for the treatment of HCV.
In conclusion, we have presented a summary of preclinical in vitro and in vivo data demonstrating that PF-00868554 has potent and broad-spectrum activity against HCV polymerase 1a and 1b viral strains, while displaying a selectivity profile that is consistent with a significant margin of safety. Furthermore, the pharmacokinetic properties of PF-00868554 were determined by in vivo studies to be favorable in preclinical species, suggesting that a twice-daily dosing regimen for human patients will be feasible.
